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I.  INTRODUCTION 


Measurement  of  the  energy  emitted  by  an  excited 
nucleus  as  it  returns  to  the  ground  state  is  one  of  the 
principal  methods  of  determining  its  energy  level  scheme. 
Below  levels  for  which  particle  emission  is  energetically 
possible,  the  nucleus  deexcltes  by  emission  of  gamma 
rays  of  energy  h  V  ,  h  being  the  Planck  constant,  and  U 
the  frequency  of  radiation.  Thus  a  quantum  of  energy  hy 
corresponds  to  the  energy  difference  between  two  levels 
in  the  nucleus.  On  emission  of  a  gamma  ray  the  nucleus 
suffers  a  recoil ;  the  observed  gamma  ray  energy,  there¬ 
fore,  has  a  Doppler  shift.  This  shift,  however,  is 
usually  several  orders  of  magnitude  smaller  than  the 
actual  energy  and  thus  a  correction  to  the  measured 
value  is  not  necessary.  As  an  example  of  this  there  is 
a  shift  of  8l  ev  for  a  1.28  Mev  gamma  emitted  from  Na22. 

Almost  all  methods  used  to  detect  gamma  rays  and 
measure  their  energies  involve  analysis  of  the  secondary 
electrons  produced  when  the  gamma  radiation  passes 
through  matter.  T^ie  secondary  electrons  are  produced 
by  three  processes:  Compton  scattering,  photoelectric 
effect,  and  pair  production.  Thus  a  begun  of  gamma  rays 
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of  Intensity  IQ  passing  through  material  of  thickness  x 
will  be  reduced  in  intensity  to  l(x)  where  l(x)  =  IQexp(-px) 
and  ix  is  the  total  absorption  coefficient.  The  absorbed 
radiation  produces  secondary  electrons.  Since  the  three 
processes  act  incoherently  the  total  absorption  coeffic¬ 
ient  {j.  can  be  separated  into  three  parts  such  that 

.  #•  •  e. 

ix  =  CT  +  j-  +  *  where  o~  is  the  absorption  coefficient 

due  to  Compton  scattering,  T  due  to  photoelectric 

effect,  and  *  '  due  to  pair  production. 
r 

The  Compton  interaction  is  the  scattering  of 
radiation  from  free  electrons,  the  scattered  radiation 
experiencing  a  shift  toward  longer  wavelengths  depending 
on  the  scattering  angle  0.  Using  the  principles  of 
conservation  of  energy  and  momentum,  it  is  easily  shown 
(Ri)*  that  the  amount  of  wavelength  shift  ^  A  is  given 
by  A  A  =  h/rac(l-cos  0)  where  h  is  the  Planck  constant, 
m  the  mass  of  the  electron  and  c  the  speed  of  light. 

The  Compton  scattering  cross  section  is  given  by  the 
Klein-Nishima  formula  (He)  which  is  derived  by  considering 
the  interaction  of  the  electromagnetic  field  of  a  gamma 
ray  or  photon  with  the  electron.  Using  the  relativistic 

*References,  indicated  by  the  first  two  or  three 
letters  of  the  author's  name,  are  listed  on  the  last 
page  of  the  thesis. 


. 

. 


3 


treatment  of  the  electron,  the  differential  scattering 
cross  section  per  electron  is  found  to  be  given  by  dd\ 
where 


^  ^  C  l  —COS  0  )2 


COS2  O 


-y.^fl-COSG) 

i+*( i  -  cose)  J 


and 

r0^^x/mcl  }  oC  -  Uv/mcz 


where  e  is  the  charge  of  an  electron  and  V  the  frequency 
of  the  incident  gamma  radiation.  By  integrating  over 
the  solid  angle  the  total  Compton  cross  section  per 
electron  becomes 


(Te  =  T 


yf/n  (i  ■+*  2.  + 


c*»i  (  /  +  Z<*)z 


3  (itlcC) 


Investigation  of  gamma  scattering  has  shown  (Se)  that 
the  Compton  scattering  is  dominant  in  the  energy  range 
of  0.5  Mev  to  5  Mev  in  lead  and  0.05  to  15  Mev  in 
aluminum.  Since  the  scattering  process  is  due  to 
electrons  the  Compton  cross  section  per  atom  is,  there¬ 
fore,  proportional  to  Z,  the  atomic  number  of  the  scatterer. 

In  the  photoelectric  effect  all  the  energy  h 0 
of  the  gamma  ray  is  transferred  to  a  bound  electron  of  an 
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atom  which  is  then  emitted  from  the  atom  with  kinetic 
energy  Te  h  V  -  I,  where  I  is  the  binding  energy  of 
the  electron,  the  excess  momentum  being  taken  up  by  the 
recoiling  nucleus.  Considering  a  hydrogen  atom  of 
charge  Ze  with  oneK electron  Heitler  (He)  calculates  the 
photoelectric  cross  section  TK  thus: 


and  where 


is  the  propagation  vector  of  the 


gamma  ray  with  energy  h^  and  to  is  as  previously 
defined.  The  photoelectric  effect  is  found  to  be  the 
principal  interaction  below  50  Kev  for  aluminum  and  500 
Kev  for  lead. 

For  gamma  rays  with  energies  of  1.02  Mev  or  greater 
the  third  process,  pair  production,  may  occur.  In  this 
process  1.02  Mev  of  the  gamma  energy  is  used  to  produce 
an  electron-positron  pair;  the  excess  energy  becomes  the 
kinetic  energy  of  the  electron  and  positron.  Pair 
production  occurs  only  in  the  Coulomb  field  of  a  charged 
particle.  The  Coulomb  field  is  necessary  to  give  a 
non-zero  matrix  element  for  the  transltioh  (pair 
production  by  photon-photon  interaction  is  extremely 
unlikely).  The  Coulomb  field  is  usually  supplied  by  a 
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nucleus;  the  electron  field  may  also  produce  such  a 
transition  but  the  probability  is  much  smaller.  With 
the  relativistic  treatment  of  the  electron,  one  finds  the 
total  pair  formation  ci*bss  section  <?((  (He)  to  be  given  by 


t  =  —  A  tJL  -  3-\ 

737  L  9  2.^3  (complete  screening) 


2 

for  high  energy  gamma  rays;  that  is,  h  ±> x>  mc  •  For 
the  lower  energy  case  the  expression  is  much  more  involved 
and  cannot  be  completely  integrated;  the  differential  cross 
section  for  position  of  energy  between  E^  and  E^+dE^. 

and  electron  energy  E__  for  energy  range  ^  ^  ^ 

"  /tic  1 


F4  -  tf  ^  ro 

1  3  7 


2^4  E-  ->/-<? 

/  IT  A. 

h  me1' 


where  T0  fl.  are  as  previously  defined  and  C/ot)  is  a 

j  * 

complex  function  of  energy  shown  in  Sei/gre  (Se  l).  Soon 
after  its  formation,  the  positron  annihilates  an  electron, 
producing,  in  most  cases,  two  oppositely  directed 
photons,  each  with  0.51  Mev  energy.  Pair  production 
is  found  to  be  dominant  above  5  Mev  in  lead  and  15  Mev 
in  aluminum. 

The  variation  of  individual  cross  sections  CT  T 
and  ^  and  total  cross  sections  4  as  a  function  of 
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energy  can  be  observed  £rom  graphs  (Se)  shown  in  Fig.  1-1 
to  1/3.  From  Fig.  1-1  it  is  seen  that  the  photoelectric 
cross  section  decreases  very  sharply  with  increasing 
gamma  ray  energy  and  is  effectively  zero  at  0.25  Mev  in 
aluminum  and  7*5  Mev  in  lead..  The  Compton  cross  section 
decreases  exponentially  with  an  increase  in  energy 
and  becomes  negligible  at  about  500  Mev  in  lead.  Pair 
production  becomes  effective  for  gamma  rays  with  energies 
of  2.5  Mev  or  greater  and  steadily  increases  with  an 
increase  in  gamma  energy.  It  can  be  observed  from  Fig.  1-3 

that  the  total  absorption  coefficient  (i  decreases  sharply 

? 

with  increase  in  gamma  energy  going  through  a  minimum,  and 
then  increases  slowly  at  higher  energies.  The  position 
of  the  minimum  depends  on  the  element,  which  occurs  between 
2.5  Mev  and  5  Mev. 

It  is  well  known  that  the  passage  of  charged  particles 
through  matter  causes  ionization.  In  some  gases,  liquids, 
plastics,  and  crystals  light  of  a  frequency  to  which  the 
material  is  transparent  is  also  emitted  (Ka) .  The 
electrons  produced  by  gamma  ray  Interactions  produce 
such  flashes  of  light  in  these  materials.  The  intensity 
of  the  emitted  light  is  dependent  on  the  amount  of 
energy  loss  in  the  material,  and  this  light,  known  as 
luminescence,  can  be  increased  in  some  materials  by  certain 
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impurities  called  activators.  Crystalline  sodium  iodide 
containing  less  than  1%  thallium,  which  has  a  high  mean 
atomic  number  and  high  light  output,  is  suitable  for 
detecting  gamma  radiation. 

The  light  output  of  a  crystal  is  detected  by  a 
photomultiplier  tube  which  produces  a  pulse  of  electric 
charge  proportional  in  magnitude  to  the  number  of  photons 
striking  its  photo-cathode.  The  scintillation  counters 
have  proven  to  be  more  efficient  with  much  better  energy 
resolution  than  proportional  counters  previously  used 
to  measure  gamma  ray  energies.  The  resolution  does  not, 
however,  approach  that  of  magnetic  spectrometers  but 
the  scintillation  spectrometer  is  much  more  efficient 
and  compact . 

Because  the  scintillator  responds  to  electrons 
which  are  due  to  the  three  types  of  gamma  interactions, 
the  resulting  pulse  height  spectrum  from  a  monoenergetic 
beam  of  gamma  rays  will  be  due  to  all  the  possible 
interactions.  A  gamma  ray  with  energy  below  that  required 
for  pair  formation  may  lose  its  energy  to  the  crystal 
by  Compton  interaction  or  by  photoelectric  effect.  In 
the  Compton  interaction,  only  part  of  the  primary  photon 
energy  becomes  kinetic  energy  of  the  electron  and  the 
remainder  of  the  energy  is  carried  by  the  secondary 
photon.  The  secondary  photon  may  escape  from  the  crystal 


' 
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or  release  further  electrons  by  Compton  or  photoelectric 
interactions  and  thus  produce  more  light  in  the  crystal. 
This  secondary  light  adds  to  that  produced  by  the  primary 
electrons  resulting,  when  no  photons  or  electrons  leave 
the  crystal,  in  a  light  output  which  is  proportional  to 
the  primary  photon  energy.  The  separate  stages  of 
interaction  occur  nearly  simultaneously,  so  that  their 
total  light  output  results  in  a  single  pulse  of  charge 
from  the  photomultiplier.  The  pulse  height  distribution 
due  to  a  beam  of  monoenergetic  gamma  rays  as  recorded  by 
a  pulse  height  analyzer  consists  of  a  peak  preceded  by 
a  broad  Compton  distribution.  The  peak,  which  will  be 
referred  to  as  the  "photo  peak",  is  due  to  the  complete 
absorption  of  the  gamma  ray  either  by  photoelectric 
effect  or  by  multiple  scattering  and  the  "Compton 
distribution"  due  to  the  absorption  of  only  part  of  the 
gamma  energy.  Each  photo  peak  will,  therefore,  have  its 
Compton  spectrum  except  in  the  case  of  very  large  crystals 

into  which  the  gamma  beam  is  collimated.  Fig.  1-4 

c 

22 

illustrates  a  spectrum  of  Na  which  shows  two  photo 
peaks  0.51  Mev  and  1.28  Mev  and  the  corresponding 
Compton  spectra.  The  channel  number  scale  corresponds  to 
the  relative  pulse  height  of  the  spectrum. 

A  gamma  energy  of  at  least  2.5  Mev  is  required  to 
form  pairs  in  quantity  comparable  to  Compton  electrons 


RqTk  SPECTRUM  FROM 
4"  Nd  COLLIMATED  CRYSTAL 
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since  the  pair  cross  section  is  very  small  above  the 
threshold  at  1.02  Mev.  The  spectrum  from  a  beam  of  high 
energy  gamma  rays  incident  on  a  crystal  is  more  complex 
than  the  one  of  lower  energy  as  is  illustrated  by  the 
spectrum  of  RaTh  in  Pig.  1-5*  An  energetic  gamma  photon 
may  lose  its  energy  with  appreciable  probability  by 
pair  formation  though  Compton  scattering  dominates 
below  30  Mev.  The  positron,  produced  in  the  interaction, 
annihilates  with  an  electron  after  slowing  nearly  to 
rest,  resulting  in  two  gamma  photons.  Depending  on  the 
position  in  the  crystal  at  which  annihilation  occurs,  one 
or  both  gammas  may  escape.  Thus,  for  a  single  high 

i’ 

energy  gamma  ray  three  peaks  result  unless  the  gamma 
rays  are  collimated  into  a  very  large  crystal  to  ensure 
the  absorption  of  both  annihilation  gamma  rays.  The  peak 
corresponding  to  the  greatest  energy  captured  by  the 
crystal  is  due  to  pair  formation,  pjus  total  absorption 
of  both  annihilation  photons,  the  next  peak  down  is  due 
to  pair  formation  and  the  absorption  of  only  one  annihila¬ 
tion  photon  and  the  lowest  peak  is  due  only  to  the 
kinetic  energy  of  the  pair.  The  energy  difference  between 
the  adjacent  peaks  is  0.51  Mev.  The  fast  electrons 
produced  from  very  high  gamma  energy,  10  Mev  or  greater, 
produce  bremstrahlung  radiation  which  greatly  reduces  the 


' 
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resolution  of  the  photo  peak.  When  the  electrons  are  not 
completely  stopped  in  the  crystal  the  resolution  of  the 
photo  peak  is  also  highly  reduced.  Consequently,  these 
effects  make  the  crystal  ineffective  at  high  energies. 

A  single  crystal  spectrum  resulting  from  a  beam  of  gamma 
rays  with  different  energies  is  consequently  very  compli¬ 
cated  and  often  impossible  to  analyze. 

A  further  complication  to  the  spectrum  arises  in 
the  case  where  neutrons  are  present.  in  a  Nal 

crystal  captures  neutrons  followed  by  prompt  emission  of 
gamma  rays  in  the  energy  range  of  4  to  6  Mev  followed 
by  2  Mev  beta  decay  (Sa).  The  effect  of  this  neutron 
capture  is  to  raise  the  background  level  and  obscure 
the  peaks  corresponding  to  the  gamma  rays  of  interest. 

An  ideal  spectrometer  would  be  one  which  would 
produce  only  one  peak  in  the  pulse  height  spectrum  for 
a  gamma  ray  of  a  given  energy,  with  good  resolution  and 
high  efficiency.  By  sacrificing  efficiency,  spectrometers 
have  been  designed  which  identify  each  gamma  energy 
with  one  peak  of  increased  resolution.  The  two-crystal 
Compton  spectrometer,  the  three-crystal  pair  spectrometer, 
the  anticoincidence  spectrometer,  and  the  Hoogenboom 
spectrometer  have  all  been  developed  for  this  purpose. 

The  two-crystal  spectrometer  developed  by  Hofstadter 


COMPTON  SPECTROMETER 


FIG.  1-6 
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and  McIntyre  (Ho)  utilizes  only  the  Compton  scattering 

process.  A  beam  of  gamma  rays  of  energy  hi)  incident 

on  crystal  X,  shown  in  Pig.  1-6,  is  scattered  at  an 

angle  9  into  crystal  D  with  the  scattered  electron  (3 

/ 

recoiling  in  crystal  X.  The  scattered  gamma  ht>  loses 
its  energy  in  crystal  D  by  further  Compton  scattering 
or  by  photoelectric  process,  producing  a  flash  of  light 
in  crystal  D,  while  crystal  X  produces  a  signal  due  to 
electron  £3.  The  pulses  from  crystal  D,  being  in 
coincidence  with  X,  are  used  to  gate  the  pulse  size 
distribution  from  X.  Consequently  the  displayed  spectrum 
consists  of  a  single  peak  for  each  energy.  The  position 
of  crystal  D  is,  however,  limited  to  a  particular  angular 
range  for  best  resolution,  thus  limiting  the  scattered 
gammas  to  a  particular  part  of  the  Compton  spectrum.  At 
energies  greater  than  1.5  Mev  additional  lines  have  been 
observed  which  are  due  to  pair  formation.  For  several 
high  energy  gamma  rays  the  spectrum  will  then  be  compli¬ 
cated  by  the  pair  lines  and  will  become  difficult  to 
analyze.  The  pair  effect,  however,  has  been  used  to 
advantage  in  developing  the  three  crystal  spectrometer. 

The  three  crystal  spectrometer  (Ma)  consists  of 
a  primary  crystal  P  and  two  secondary  crystals  S'  and 
S",  as  shown  in  Fig.  1-7*  A  beam  of  collimated  gamma 
rays  with  energies  greater  than  1.5  Mev  are  incident  on 
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the  primary  crystal.  The  gammas  produce  pairs  with  the 
annihilation  photons  being  detected  in  S'  and  S"  simul¬ 
taneously,  resulting  in  a  triple  coincidence.  The 
coincidence  output  of  S',  S'!  and  P  is  used  to  gate  the 
energy  spectrum  from  crystal  P.  This  type  of  spectro¬ 
meter  has  been  used  to  measure  gamma  ray  energies  up  to 
10  Mev  (Sa).  At  higher  energies  the  spectrometer  loses 
resolution  as  all  the  secondary  electrons  produced  are 
not  completely  stopped  in  the  primary  crystal.  A 
possible  solution  to  this  problem  is  to  increase  the 
physical  size  of  the  crystal.  This,  however,  complicates 
the  matter  by  Introducing  a  higher  background  and  noise 
level  in  the  spectrometer,  thus  resulting  in  a  small 
improvement,  if  any,  over  the  smaller  primary  crystal. 

After  the  development  of  the  three-crystal  spectro¬ 
meter,  a  multi -crystal  spectrometer  was  developed  by 
Albert  (Al)  Fig.  1-8  which  consisted  of  a  primary  crystal 
surrounded  by  a  cluster  of  small  secondary  crystals.  The 
cluster  of  crystals  is  used  to  detect  photons  scattered 
from  the  primary  crystal  arising  from  gamma  rays  which 
do  not  transfer  their  entire  energy  to  the  primary  crystal. 
All  the  signals  in  the  primary  crystal  resulting  from 
gammas  which  are  Compton  scattered  from  the  primary 
crystal  into  the  secondaries  are  removed  by  an  anti- 
colncidence  circuit,  as  are  the  signals  resulting  from 
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pair  formation  In  which  both  annihilation  gamma  rays  are 
not  absorbed.  The  resulting  spectrum,  therefore,  con¬ 
sists  of  only  the  fully  absorbed  gamma  rays. 

The  spectrometers  described  above  are  not  easily 
used  for  angular  correlation  measurements,  nor  are  they 
suited  for  identifying  the  cascading  gamma  rays  from  the 
complete  spectrum  of  a  highly  excited  nucleus.  The 
two  crystal  coincidence  spectrometer  (Si)  has  been  used 
to  detect  and  measure  the  energy  of  the  cascade  gammas. 
The  spectrometer  (Fig.  1-9)  consists  of  two  crystals,  two 
differential  discriminators,  a  coincidence  circuit  and 
a  gated  display  system.  The  spectra  of  a  given  gamma 
course  from  the  two  crystals  are  nearly  identical  and 
are  composed  of  photo  peaks  and  Compton  distributions 
as  have  been  described  earlier. 

To  determine  which  of  the  gamma  rays  are  the  cascad¬ 
ing  gammas  of  a  given  gamma  spectrum,  the  differential 
discriminator  of  one  crystal  is  set  on  a  particular 
photo  peak  to  gate  the  gamma  spectrum  from  the  other 
crystal.  The  gated  spectrum  consists  of  only  the  gamma 
rays  which  are  in  coincidence  with  the  gamma  ray 
determined  by  the  setting  of  the  differential  discrimina¬ 
tor.  These  coincident  garnmaB  are  the  cascading  gammas 
from  some  energy  level  of  an  excited  nucleus.  The 
energy  level  of  the  nucleus  from  which  the  gammas,  cascade 
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may  be  determined  by  eliminating  some  of  the  cascade 

I 

gammas  by  using  the  second  discriminator.  For  a  well 
u/  y/  resolved  spectrum  the  cascade  gammas  can  be  easily 

determined.  However,  for  a  complex  spectrum  the  spectro- 
meter  is  not  so  successful  because  of  the  single  crystal 
complications  described  earlier.  Recently  a  spectrometer 
has  been  built  which  is  particularly  designed  for  deter¬ 
mining  the  cascade  gammas  from  a  complex  spectrum. 

The  Hoogenboom  spectrometer  (Fig.  2-1 ),  as  it  is 
called,  was  designed  by  Hoogenboom  in  1958  (Hoo). 

This  spectrometer,  which  is  a  development  of  the  coin¬ 
cidence  spectrometer,  is  used  to  identify  cascade  gamma 
rays  and,  at  the  same  timq  establish  the  energy  level  of 
a  nucleus  from  which  the  gamma  rays  cascade.  These 
quantities  can  be  determined  simultaneously  due  to  the 
fact  that  the  total  energy  in  different  cascades  from  a 
particular  energy  level  is  the  same.  This  total  energy 
is  obtained  by  adding  together  the  energies  of  the 
cascading  gammas.  Identical  spectra  of  the  cascade 
gamma  rays  are  obtained  from  the  two  detecting  Nal 
crystals,  then  are  added  in  a  linear  adding  circuit  to 
form  a  sum  spectrum.  The  sum  spectrum  includes  a  photo 
peak  which  corresponds  to  the  total  energy  of  the  cascades 
as  well  as  a  distribution  due  to  the  non -cascading  gammas 
and  the  various  Compton  distributions.  A  differential 
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discriminator  set  on  the  sum  peak  and  a  coincidence  circuit 
between  the  two  detectors  are  used  to  eliminate  all  the 
gammas  except  the  ones  which  cascade  from  the  given 
energy  level.  The  adding  circuit'  together  with  the 
differential  discriminator  are  equivalent  to  the  two 
differential  discriminators  used  in  the  coincidence 
spectrometer.  The  discriminator  setting  on  the  sum 
spectrum  determines  the  energy  of  the  level  from  which 
the  gamma  rays  cascade. 

When  the  differential  discriminator  is  set  on  the 
sum  peak,  all  the  gamma  rays  which  do  not  transfer 
their  energy  to  the  crystal  completely  and  all  the  non¬ 
cascading  gammas  are  eliminated.  The  displayed  spectrum, 
therefore,  consists  of  only  full  energy  peaks,  removing 
all  the  Compton  distributions  normally  observed  in  a 
single  crystal  spectrum.  As  will  be  shown  in  a  later 
section,  the  absolute  peak  width  (defined  as  the  full 
width  of  the  peak  at  half  the  maximum  height) is  the  same 
for  all  the  cascading  gammas.  This  gives  the  Hoogen- 
boom  spectrometer  an  improved  resolution  for  the  same 
energy  gammas  in  a  cascade  over  the  single  crystal 
spectrometer  and  the  previously  outlined  spectrometers. 
Because  the  half  width  remains  constant  to  a  first 
approximation,  the  Improvement  in  resolution  should  be 
most  evident  for  the  high  energy  gamma  rays.  The 
theoretical  derivation  also  indicates  that  the  detection 
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efficiency  of  each  coincident  gamma  ray  is  the  same.  As 
detection  of  each  cascading  gamma  ray  has  equal  probability 
the  area  under  each  full  energy  peak  should  be  the  same. 

All  these  Hoogenboom  characteristics  are  dependent  on 
the  sum  spectrum.  It  is,  therefore,  necessary  to  ensure 
that  the  two  single  crystal  spectra  are  identical  in 
size  and  shape,  otherwise  the  Hoogenboom  spectrum  will 
not  have  these  properties. 

A  Hoogenboom  spectrometer  has  been  built  to  analyze 
the  cascade  spectra  resulting  from  bombardment  of  light 
elements  with  protons  and  deuterons.  It  has  been  tested 
by  use  of  the  cascading  gammas  from  Na22  and  Co^O. 
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II.  APPARATUS 

1 .  General 

The  complete  Hoogenboom  spectrometer  is  shown  In 
schematic  diagram  2-1.  Two  different  sets  of  detectors 
have  been  used,  one  being  2"  diameter  x  2"  long  crystal 
mounted  on  RCA  6342  photomultipliers,  the  other  4"  dia¬ 
meter  x  4"  long  crystal  on  RCA  7046  photomultipliers, 
and  each  crystal  is  shielded  with  2"  of  lead.  Anode 
signals  from  the  photomultipliers  PM  1  and  PM  2  are 
transmitted  by  cathode  followers  to  the  adding  circuit. 
Dynode  signals  from  PM  1  and  PM  2  are  shaped  and  trans¬ 
mitted  to  the  fast  coincidence  circuit.  The  sum  signal 

/ 

is  amplified  and  then  analyzed  by  a  differential  discrim¬ 
inator.  The  output  of  the  discriminator  is  then  checked 
for  coincidence  with  the  output  of  the  fast  circuit, 
coincident  pulses  being  used  to  form  a  gating  pulse  which 
is  counted  by  a  scalar.  The  spectrum  signal  is  taken 
from  anode  of  PM  1  and  transmitted  by  a  cathode  follower 
to  a  linear  amplifier,  the  output  of  which  is  passed 
through  a  gate  controlled  by  the  coincidence  output. 

The  gated  output  is  displayed  on  a  multi-channel  pulse 
height  analyzer.  For  the  signal  to  be  gated  through  to 
the  analyzer  two  conditions  have  to  be  satisfied: 

1.  The  display  signal  from  PM  1  must  be  in  coin¬ 
cidence  with  a  signal  in  PM  2. 
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2.  The  pulse  height  from  PM  2  must  be  of  such  a 
value  that  when  added  to  the  pulse  height  from 
PM  1  It  forms  a  sum  pulse  whose  peak  voltage 
falls  within  the  differential  Interval  of  the 
discriminator. 

The  circuitry  is  described  in  greater  detail  in  the 
following  sections. 

2.  Limiter  and  Shaper  (Fig.  2-2) 

The  limiter  and  shaping  circuit  consists  of  an 
amplifier  tube  VI,  a  limiting  tube  V2,  and  a  cathode 
follower  tube  V3.  A  positive  signal  from  the  photo¬ 
multiplier  is  amplified  by  a  factor  of  10  in  VI  and  the 
amplified  signal  is  then  limited  by  cutting  off  V2,  the 
gain  of  which  may  be  adjusted  by  the  potentiometer  RV. 
The  pulse  shaping  is  completed  by  a  shaping  network 
consisting  of  Z330  transmission  cable,  capacitors  C]_, 

C2  and  diode  D]_.  Pulse  shaping  by  this  network  can  be 
described  as  follows. 

A  square  positive  pulse  appearing  at  the  input  of 
the  transmission  cable  traverses  the  length  of  the  cable 
In  time  TL  where  T  is  the  time  delay  per  unit  length  of 

the  cable  and  L  Is  the  total  length  of  the  cable.  If 

o 

the  other  end  of  the  cable  is  short  circuited,  the  pulse 
is  reflected  l80°  out  of  phase,  cancelling  the  remainder 
of  the  pulse  travelling  in  the  for^ward  direction.  The 
remaining  negative  pulse  is  short  circuited  to  ground 
by  diode  and  capacitors  and  Cg*  Cj  being  the  low 
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minimum  capacity  signal  are  obtained  at  the  plate  of  the 
6BN6  when  the  signals  overlap  in  time  as  shown  in  Pig.  2-4b. 
The  capacity  signal,  the  signal  which  appears  at  the 
plate  of  the  tube  due  to  grid  plate  capacitance,  is 
present  whether  or  not  the  input  signals  are  coincident. 

A  rejection  ratio,  that  is  the  ratio  of  the  amplitudes 
of  the  coincidence  pulse  to  the  amplitude  of  the  capacity 
pulse,  of  15  is  obtained  using  2.5  volt,  100  nanosecond 
rectangular  input  pulses.  The  condition  for  time 
coincidence  of  the  input  pulses  requires  that  the  time 
between  corresponding  points  on  the  pulses  be  less  than 
the  resolving  time  of  the  coincident  circuit.  The 
resolving  time  t  of  this  circuit  is  2  x  10~7  sec. 

The  output  signal  from  6bn6  is  integrated  by  the 
stray  capacity  C]_ .  Hence  the  voltage  amplitude  of  this 
signal  is  proportional  to  the  amount  of  time  overlap 
of  the  tw  input  pulses  thus  transforming  the  time 
distribution  to  a  pulse  height  distribution  as  shown 
in  Pig.  2-5.  It  is  possible  to  improve  the  resolving 
time  of  the  circuit  by  a  factor  of  10  by  setting  a  pulse 
height  discriminator  on  the  integrated  pulse.  By 
setting  a  dis criminator  on  the  peak  of  this  distribution 
all  the  partially  overlapped  pulses  are  eliminated. 
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bringing  the  resolving  time  of  the  6bn6  circuit  to  2  x  10~8 
second. 

The  resolving  time  is  measured  by  delaying  one  input 
with  respect  to  the  other  by  a  known  amount  and  noting 
the  coincidence  count  rate  as  a  function  of  this  delay 
time  as  is  shown  in  Fig.  2-6.  The  signals  are  delayed 
by  placing  different  lengths  of  RG  63U  delay  cable  in 
series  with  the  grid;  each  length  corresponding  to  a 
known  delay  time.  This  process  was  repeated  for  each 
of  the  discriminator  bias  settings  illustrated  in 
Fig.  2-6.  It  is  observed  that  the  maximum  counting  rate 
remains  constant  between  -2.5  V  to  3.5  V  bias  values.  The 
maximum  counting  rate  of  setting  5  is  reduced  to  90$  of 
the  counting  rates  at  the  lower  bias  values.  At  this  bias 
setting  the  resolving  time  is  2  x  10~8  second.  This  bias 
value  is  taken  to  be  the  setting  of  the  coincident  circuit. 

4.  Slow  Coincidence  Figs.  2-7,  2-8,  2-9 

The  slow  coincidence  circuit,  schematically  shown 
in  Fig.  2-7,  consists  of  two  separate  input  channels,  a 
6BN6  coincidence  mixer,  and  an  output  channel.  The 
input  channel  (Fig.  2-8)  contains  a  phase  inverter  VI, 
a  threshold  amplifier  V2a,  V2b,  and  a  trigger  circuit  V3 
and  V4.  The  6bn6  coincidence  circuit  (Fig.  2-9)  is  the 
same  as  that  outlined  in  the  discussion  of  the  fast 
coincidence  circuitry.  The  output  channel  (Fig.  2-9) 
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contains  a  trigger  circuit  V5  and  V6,  a  phase  inverter 
V7  and  a  cathode  follower  V8.  The  input  channels  are 
sensitive  to  pulses  of  amplitude  greater  than  0.25 
volts  of  both  positive  and  negative  polarity,  the  output 
channel  produces  pulses  10  volts  in  amplitude  and  1-1/2 
microsecond  in  length. 

By  having  the  plate  resistor  and  the  cathode  resistor 
of  VI  of  equal  value  pulses  with  equal  amplitude  but 
with  opposite  phase  are  obtained  from  the  plate  and 
cathode  in  order  to  accept  input  pulses  of  either  posi¬ 
tive  or  negative  polarity.  The  phase  inverter  is  neces¬ 
sary  to  ensure  that  the  input  pulse  to  the  threshold 
amplifier  is  positive. 

■  •  ' 

The  tube  V2a  of  the  treshold  amplifier  is  normally 
cut  off  and  V2b  is  normally  conducting.  A  positive 
pulse  on  the  grid  of  V2a  drives  it  to  conduction,  trans¬ 
ferring  the  current  from  V2b  to  V2a,  resulting  in  a 
negative  pulse  on  the  plate  of  V2a.  The  potentiometer 
RV1  sets  the  threshold  bias  level  above  which  the  pulses 
are  amplified  with  a  gain  of  one  and  below  which  the 
pulses  are  not  transmitted.  ^The  grid  of  V2b  is  decoupled 

to  ensure  that  V2b  has  constant  grid  potential.  7  M-h  chokes 
are  ^nser^e<^  the  corTUTlon  cathode  circuit  and  the 

anode  citcuit  of  V2a  to  increase  the  high  frequency  response 
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of  the  amplifier.  The  cathode  choke  makes  the  current 
transfer  faster  and  the  anode  choke  drives  V2a  into 
conduction  more  quickly.  The  advantage  of  this  type  of 
discriminator  over  the  ordinary  biased  amplifier  is  the 
faster  response  and  greater  stability.  The  negative 
output  of  the  threshold  amplifier  is  used  to  trigger  the 
"flip-flop”  circuit. 

The  flip-flop  circuit  is  a  cathode  coupled  Schmitt 
trigger  circuit  which  is  triggered  by  a  negative  pulse. 
Under  normal  conditions  V3  conducts  and  V4  is  cut  off. 

A  negative  pulse  cuts  off  V3  raising  the  voltage  on  its 
plate.  This  positive  pulse  appears  via  on  grdd  of 
V4  causing  it  to  conduct  heavily.  The  heavy  conduction 
of  V4  raises  the  common  cathode  potential,  thus  keeping 
V3  cut  off.  As  the  potential  of  the  grid  of  V4  recovers 
exponentially  toward  a  steady  state  value,  the  cathode 
potential  decreases  to  a  value  which  is  sufficient  to 
permit  V3  to  conduct.  When  V3  is  turned  on  V4  is  cut 
off  sharply  by  the  negative  pulse  which  appears  on  the 
grid  of  V4  via  Cj  from  plate  of  V3.  The  controlling 
time  constant  is  R2C1  which  determines  the  length  of  the 
flip-flop  cycle.  The  sensitivity  of  this  trigger  circuit 
is  set  by  the  potentiometer  RV2  which  adjusts  the  bias 
value  of  the  grid  of  V4.  This  type  of  circuit  is 
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satisfactory  for  producing  pulses  1  to  2  microsecond 
long  as  was  needed  to  activate  the  output  channel  flip-flop. 
To  have  a  100  nanosecond  flip-flop  pulse  Ci  would  be  reduced 
to  20  pf  .  At  this  value  of  capacitor  the  back  end  of 
trigger  pulse,  however,  has  a  long  exponential  decay 
which  is  undesirable.  To  remove  this  decay,  a  speed-up 

capacitor  C2  is  inserted  between  the  plate  of  V4  and 

* 

the  grid  of  V3  and  a  clamping  diode  between  the  cathode 
and  ground  and  Ci  is  increased  to  220  pf .  The  effect 
of  the  speed-up  capacitor  is  to  cut  off  V3  harder  while 
keeping  the  cathode  clamped  with  D1 .  R4C2  becomes  the 
controlling  time  constant  for  this  modification. 

The  output  signal  is  taken  from  the  plate  of  V3  in 
order  to  have  a  positive  necessary  for  the  6bn6  coinci¬ 
dence  circuit  which  is  the  same  as  the  fast  coincidence 
circuit  already  described.  The  output  of  6bn6  triggers 
the  output  flip-flop  which  produces  a  negative  10  volts, 

1  microsecond  pulse.  This  is  Inverted  by  the  phase 
inverter  YJ  and  driven  out  by  the  cathode  follower  V8. 

5.  Adding  Circuit  Fig.  2-9 

The  adding  circuit  is  composed  of  two  cathode 
followers  VI  and  V2,  resistors  R1  and  R2  and  potentiometer 
RV1 .  The  potentiometer  f¥l  acts  as  a  fine  adjustment  for 
the  pulse  size  distribution  of  the  two  input  pulses.  The 
inputs  from  the  two  detectors  are  current  -  added  to  form  a 
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not.  The  base  line  E  is  variable  between  0  to  100  volts 
and  the  window  width  A  E  may  be  set  from  0  to  10  volts. 

Gate 

The  gate  is  a  gated  biased  amplifier  developed  by 
Jones  (Jr;  ).  It  is  possible  to  select  coincidence  or 
anticoincidence  gating,  coincidence  gating  requiring  a 
10  volt  positive  pulse  to  open  the  gate. 

Multi-Channel  Analyzer 

The  multi-channel  analyzer  is  100  channels  analyzer 
type  1438B  built  by  Philips  Balham  Works  Ltd.  The 
analyzer  or  "klcksorter"  sorts  a  particular  pulse  height 
into  a  particular  channel.  The  pulse  height  necessary 
to  span  the  100  channel  is  from  2  to  27  volts,  the 
voltage  difference  per  channel  being  0.25  volts.  The 
dead  time,  defined  as  the  time  interval  during  which 
the  circuitry  is  inactive,  of  the  klcksorter  is  700 
microseconds ;  and  the  maximum  counting  rate  per  channel 
is  40  counts  per  second  with  a  count  loss  of  1%. 
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III.  EFFICIENCY  AND  RESOLUTION  OF  THE  SPECTROMETER 

1 .  Efficiency 

Absolute  Efficiency 

In  order  to  establish  the  capabilities  and  useful¬ 
ness  of  a  spectrometer  a  knowledge  of  its  efficiency  is 
necessary.  Before  developing  the  analytic  expression  for 
the  Hoogenboom  spectrometer,  one  needs  to  know  the 
efficiency  of  the  detector  itself.  The  total  detection 
efficiency  £  of  a  gamma  ray  detector  is  defined  as  the 
ratio  of  the  number  of  gamma  rays  of  energy  E  detected, 

Ny (E) ,  to  the  total  number,  N0,  of  gamma  rays  of  energy  E 
emitted  by  the  source  (Mo).  If  ai  is  the  solid  angle  in 
spheres  subtended  by  the  detector  at  the  point  source, 
then 

(i-D 

This  assumes  that  the  source  emits  gamma  rays  isotropi¬ 
cally.  The  absolute  efficiency  £  is  defined  as  the 
product  of  solid  angle  and  the  total  detection  efficiency. 
Thus 


c  _  Nib 
1  NoW 


c  =  JMQ 

No 


FIG. 3-1  GEOMETRY  FOR  CALCULATING  THE  EFFICIENCY 

OF  AN  UNCOLLIMATED  CRYSTAL 


GEOMETRY  FOR  CALCULATING  THE  EFFICIENCY 
OF  A  COLLIMATED  CRYSTAL 


FIG. 3-2 
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sum  current  flowing  to  the  output.  The  resistors  R-p  Rp 
are  chosen  to  be  ten  times  the  output  impedance  of  the 
cathode  followers.  Each  resistor  presents  a  high 
impedance  path  for  the  current  driven  from  the  opposite 
cathode  follower,  thus  effectively  the  currents  are 
added  at  the  output. 

In  the  buffer  stage,  a  cathode  follower  isolates 
the  spectrum  signal  from  the  adding  network  and  prevents 
overloading  the  cathode  follower  feeding  the  long  trans 
mission  cable  through  v/hich  the  spectrum  pulse  reaches 
the  multi-channel  analyzer. 

6 •  The  Remaining  Electronic  Equipment  Fig.  2-1 

Linear  Amplifier  1_ 

The  linear  amplifier  1  is  a  model  3^3  available  from 
Franklin  Electric  Co.  The  amplifier  accepts  only  negative 
pulses  and  has  an  input  impedance  of  100.A-,  a  gain  of 
1,000,  and  a  maximum,  output  pulse  height  of  100  volts. 

Linear  Amplifier  2 

This  amplifier  is  a  E^ird  At  mic  Linear  Amplifier 
model  204'B  with  a  maximum  gain  of  15-000,  and  a  maximum 
output  pulse  height  of  100  volts. 

Differential  ]  iscrlminator 

The  differential  discriminator  or  single  channel 
pulse  height  analyzer  is  a  model  510  produced  by  Atomic 
Instrument  Co.  Pulses  with  amplitude  falling  between  E 
and  E+  dE  cause  an  utput  signal  and  all  other1  pulses  do 
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In  the  first  expression  1-1  £t  does  not  depend  on  the 
source-detector  geometry  whereas  £  does.  To  obtain 
an  expression  for  the  absolute  efficiency  of  a  cylindri¬ 
cal  crystal,  consider  the  probability  that  a  gamma  ray 
will  pass  without  interaction  through  Nal  crystal  of 
thickness  x.  This  is  e " ^  where  (i  is  the  linear 
absorption  coefficient.  The  probability  that  a  gamma 
ray  is  absorbed  is  1  -  e"^  and  the  number  of  gamma  rays 
detected  from  an  axial  point  source  In  a  solid  angle  duJ 
is 

dN  (E)  =  N0 ( 1  -  e_MJC)d  . 

The  total  number  of  gamma  rays  the  uncollimated  crystal 
detects  is  therefore 

T9  2 

N  (E)  =  N0  \  (l  -  e_MJC)l/2  sin  9d© 

O' 

where  9  is  the  angle  defined  in  Fig.  3-1*  Thus  the 
absolute  efficiency  is  given  by 

^  ~  \  ]  t/ismede 

where 

X  ^  Sec.  e  o  ^  e  ^  e, 

X  sin  6 i=R-Kq 'tan© 

or 

X  =  R  cosec  ©  —  ho  s  e  c  0 


■ 


. 
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In  the  case  of  the  collimated  detector  shown  in 

Fig.  3-2,  the  absolute  efficiency  may  be  determined  by 
tan-' 


This  expression  assumes  no  scattering  from  the  collimator; 
an  added  term  is  necessary  to  make  the  expression 
complete.  This  term,  however,  is  expected  to  be  small 
for  a  well  collimated  beam,  and  has  not  been  considered 
in  the  calculation  for  the  4"  Nal  crystal  shown  in 
Fig.  3-3. 

The  efficiency  of  uncollimated  Nal  detector  has 
been  calculated  by  Heath  (Hea)  for  2"  x  2"  and  3"  x  3" 
cylindrical  crystals  (Fig.  3-4).  Efficiency  curves  for  a 
4"  x  4"  Nal  collimated  crystal  has  been  calculated  using 
expression  1-4.  The  values  of  |i(E)  used  are  those  given 
by  Slegbahn  (Sia),  and  are  reproduced  in  the  appendix. 

The  total  detection  efficiency  as  a  function  of 
gamma  energy  can  be  measured  experimentally  by  two 
methods.  A  direct  way  to  determine  £t  is  to  measure  the 
total  counting  rate  of  a  detector  and  the  solid  angle 
subtended  by  a  source  of  known  strength  N0,then  to 
calculate  £ t  from  expression  1-1.  If  N0  is  unknown,  then 
the  total  detection  efficiency  can  be  obtained  by  a 
coincidence  method  (Si  b) .  This  method,  however;  is  only 
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applicable  to  sources  which  emit  cascading  gamma  rays. 


Using  two  identical  Nal  crystals  subtending  the  same 
solid  angle  uj  at  the  source,  coincidence  counting  rate 
is  given  by 

N/,4  -  2 

where  No  is  the  disintegrating  rate  and  £t/  and  £t*are 
the  total  detection  efficiencies  for  detecting  and  ^ 
respectively.  The  single  crystal  counting  rate  M/  is 

N*  =  No  ^  (i-L,  ~f~  £ti) 


and  the  ratio  of  coincidence  counting  rate  to  the  single 
crystal  counting  rate  is 


(kh  =  l  U 


(1-5) 


The  energies  from  the  cascade  gamma  rays  of  Co^O  are 
1.17  Mev  and  1.33  Mev,  which  are  approximately  equal 
so  that  i-ti,  In  which  case 


/\J<h 


The  above  expressions  do  not  take  into  account  the 
possibility  of  an  anisotropic  angular  correlation  between 
the  gamma  rays.  Co^  is  strongly  correlated  about  90°, 
the  two  detectors,  however,  are  placed  at  0°  and  180° 

/»Vj  -to  cancell  e  the  anisotropy  and  making  the  expressions  i/a (t  A 
W ftki’n  \°jt  To  determine  the  efficiency  at  other  energies  it 


31 


is  necessary  to  use  a  source  in  which  one  of  the  cascade 
gammas  is  1.2  Mev  and  the  other  of  some  different  value. 

pO 

Such  a  source  is  Na  which  emits  1.28  Mev  and  0.51  Mev 
coincident  gamma  rays.  Using  the  efficiency  determined 
from  Cob<^  t,he  total  detection  efficiency  may  be  determined. 
To  avoid  coincidence  between  the  annihilation  quanta,  the 
detectors  must  not  be  placed  such  that  the  source  lies 
near  a  line  joining  the  detectors. 

Photo  Peak  Efficiency 

The  photo  peak  efficiency  is  defined  as  the  ratio 
of  the  number  of  counts  Np  in  the  photo  peak  (more 
properly  called  full  energy  peak, where  large  crystals  are 
involved)  to  the  number  of  gamma  rays  of  energy  E  emitted 
by  the  source  (Mo).  Thus 

£  ~  NpfrJ 

P  No  (2-D 

<fp  depends  on  geometry  in  the  same  way  as  £  .  The 

a  priori  probability  that  a  photon  may  be  completely 

absorbed  in  dy  at  distance  y  from  the  point  of  entry  of 

-Liy 

the  crystal  is  the  product  of  the  probability  £  of  reach¬ 
ing  y  without  interaction  and  dy  the  probability  of 
total  absorption  in  dy.  'T'  is  the  "effective  photo¬ 
electric  absorption  coefficient,"  though  it  contains  terms 
pertaining  to  multiple  processes  leading  to  the  complete 


. 

. 

' 
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absorption  as  well  to  the  photoelectric  effect.  The 
efficiency  £p(0is,  therefore,  given  by 


where  9  and  x  are  defined  by  the  geometry.  The  value  of 
sf"  is  not  easily  determined  theoretically  because  the 
complexity  of  calculations  involving  multiple  inter¬ 
actions.  The  photo  peak  efficiency,  however,  can  be 
determined  experimentally  by  considering  the  ratio  of 
the  area  under  the  photo  peak  to  the  total  area  under 
the  spectrum  and  the  absolute  efficiency  £.  .  Let  the 

ratio  of  the  areas  be  R,  such  that 

R  =  ^  (2-3) 

Nt 

Then  fp  =  R8t  •  By  using  the  calculated  values  of 
and  the  measured  values  of  R,  £ p  can  be  calculated. 

Hoogenboom  Efficiency 

To  develop  an  expression  for  the  efficiency  of  the 
Hoogenboom  spectrometer  consider  for  simplicity  a  nucleus 
which  deexcltes  by  two  cascade  gamma  rays.  Let  ^  and  ¥x 
be  the  two  cascade  gammas  with  energies  Eq1  and  Eo2 
respectively.  Let  )  be  the  probability  of  recording 
J/  with  energy  E]_  in  the  gated  spectrum.  Assume  the 
photo  peak  to  have  a  gaussian  distribution  1  ^ 


with  standard  deviation  0]  and  similarly  for  .  Let 
f.  be  the  sum  discriminator  profile 

which  is  a  rectangular  profile  of  width  fl  .  Then 

J 

the  probability  of  detecting  /,  of  apparent  energy  in 
dE-^  at  in  coincidence  with  of  apparent  energy  in 
dE2  ^2  is  given  by 

d  ^\de,  -fb-e..-) 


then 


r°°  \  J 

m )  j  5,  =  ( b  -  ^ d  j  £  ifv- £  ^  d 


The  diagram  below  shows  the  distributions  of  the  gamma 
rays  together  with  the  sum  profile  under  consideration. 


The  sum  profile 


is  given  by 


t 
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For  ease  of^  calculation  consider,  however,  the  sum  profile 
to  be  approximated  by  a  gaussian  distribution  Wfth 
standard  deviation  C such  that 


Taking  the  distribution  functions  to  be  given  by 


where  6,  t  is  the  photo  peak  efficiency  of  detecting  y  x 
which  is  given  by 

f "  '  A  “U  ■ 

The  sum  distribution  is  taken  to  be 


1. 


The  Hoogenboom  efficiency  for  recording  y  is 


(3-2) 
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A  convenient  change  of  variables  is 

*  =  -  £o,  <3  x-  =  A  6, 


'  J  ^  d.j  =  <i  e 


Then 


£is  =■ 


oo 


* 


d  &  d 


Consider  the  integrand 

If  the  inside  bracket  is  expanded,  the  exponent  becomes 

%kr'  r  kr  *  ’t4‘- 

^CfcrZrJ)  -  k  (kr  k)  + 


3 


^  %[o;\  <r:  *  cr/ 


k 


th  + 

L  ‘o;~+( T/ 


_ _  ■*.  .  ^ 


Replacing  the  lower  limit  of  integration  by  -00  changes  the 
value  of  the  integral  very  little  since  in  practical  cases 
E  CT  .  Integrating  over  y  first  the  integral  becomes 


G  _ 

kkik'rkK 


e 


i 


r  c:\ci\c-^ 

L  * 


(3-4) 
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Integrating  over  X-  the  Hoogenboom  efficiency  becomes 

£,S  ■=•  (3-5a) 


Because  the  order  of  integration  of  x  and  y  can  be 
reversed  the  efficiency  for  detecting  is  also  given 
by 


E 


1  S 


(3-5b) 


It,  therefore,  follows  that  the  areas  under  the  full 
energy  peaks  In  the  Hoogenboom  spectrum  are  equal, 
provided  the  sum  differential  discriminator  window  is 
centered  on  the  sum  peak. 

A  more  exact  expression  for  the  efficiency  for  the 
Hoogenboom  spectrometer  is  obtained  using  the  actual 
rectangular  profile  of  the  sum  discriminator  window 
rather  than  the  gaussian  distribution  which  has  been 
used  for  simplicity. 

Then 


rs  ^ 

ALirtr,  (T  d 


-x-  tfi 
r  * 


) 


L 


-VX 


d 


- 1\ 


X.  -  rs 

L 


37 


and  the  Hoogenboom  efficiency  becomes 


*  TTCT,  V\, 

o 


a  [jU((x'~-~  )  t- £*[(*+/*  j]jx  (3-^ 


The  photo  peak  resolution  of  a  scintillation  detector 
is  defined  to  be  the  full  width  P  of  the  peak  at  half 
the  maximum,  expressed  as  a  percentage  of  the  peak 
abscissa.  Thus  far  the  standard  deviation  0~  has  been 
considered  as  a  measure  of  resolution.  To  relate  P  to 
the  standard  deviation  (7“  consider  a  standardized 
guasslan  distribution  (f)[uS\  = 


where 


at  maximum  i^(0)  =  I 
at  half  maximum  ~  ^ 

.  '  .  U,  =  ±  K 

^  -  ^//-/ 

• .  i1  =  ^ 


The  Hoogenboom  efficiency  in  terms  of  f1  is,  therefore. 


38 


The  table  below  shows  the  calculated  and  measured 
absolute  efficiency  for  4"  Nal  crystal  collimated  at  a 
source  distance  of  4  inches.  The  ratio  R  is  determined 
by  counting  the  squares  under  the  total  spectrum,  the 
squares  under  the  photo  peak  and  taking  the  ratio  of  the 
two  areas.  The  experimental  Hoogenboom  efficiency  was 
obtained  by  considering  the  counting  rate  of  the  photo 
peak  and  dividing  it  by  the  total  counting  rate  of  the 
crystal l . £ . 


II 

to 

w 

Nj  if  1  0  I.  £ 

Energy 

0.51  Mev. 

0.667  Mev. 

1.17  Mev. 

Source 

Na22 

c^37 

Co60 

£  Measured 
±  5% 

3.8  x  10"3 

3.6  x  10~3 

r  =  He 

Nt 
+  3$ 

0 . 68 

0.66 

0.43 

£p  =  R  £ 

+  8% 

2.6  X  10~3 

1.56  x  10~3 

£  Calculated 
+  2  fo 

2.10  x  10-3 

1.99  X  10-3 

1.85  x  10-3 

£  _  Measured 

S±  556 

1.7  x  10” 6 

7.6  x  io" 6 

£s  Calculated 
±  % 

1.4  X  10-6 

1.3  x  io_6 
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2 .  Resolution 

The  resolution  of  a  photo  peak  is  defined  to  be  the 
full  width  of  the  peak  at  half  the  maximum,  expressed  as  a 
percentage  of  the  peak  abscissa.  The  resolution  of  the 
Hoogenboom  spectrometer  is  determined  by  the  resolution  of 
each  separate  crystal,  the  width  of  the  sum  channel  dis¬ 
criminator  window,  and  the  resolving  time  of  the  circuitry. 

The  crystal  resolution  (Si  c)  is  affected  by  the 
fluorescence  efficiency  and  light  collection  efficiency. 

For  good  resolution  the  number  of  optical  photons  emitted 
per  Mev  of  energy  loss  in  the  crystal  should  be  large  and 
constant  throughout  the  crystal.  The  light  should  be 
emitted  in  a  wavelength  range  to  which  the  photo  cathode 
of  the  photomultiplier  is  most  sensitive.  The  crystal 
must  be  transparent  to  the  light  produced  and  must  be 
contained  in  a  reflecting  housing.  The  photomultiplier 
must  be  joined  to  the  window  of  the  crystal  housing  in 
such  a  manner  as  to  reduce  light  loss.  The  two  are  usually 
joined  with  silicone  oil,  which  has  the  same  refractive 
index  as  the  glass  surface  covering  the  crystal  and  the 
face  of  the  photomultiplier.  To  direct  all  the  light  to 
the  photomultiplier,  the  housing  of  the  crystal  is  coated 
with  magnesium  oxide,  which  has  high  reflectivity.  These 
properties  inherent  in  the  crystal  and  its  mounting  to  a 
large  extent  determine  the  resolution. 

The  photomultiplier  affects  the  resolution  of  the 


■ 


' 
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detectors  through  factors  which  include  photo  efficiency 

and  uniformity  of  the  photo  cathode,  photoelectron  collec- 

„  > 

'I 

tion  efficiency,  dynode  amplification,  tube  noise  and 
fatigue  effects.  For  good  photo  tubes  these  factors  have 
a  smaller  effect  on  resolution  than  do  the  properties  of 
the  crystal. 

The  dead  time  of  an  electronic  circuit  is  defined 
as  the  length  of  time  after  a  pulse  during  which  the  cir¬ 
cuitry  is  insensitive.  Since  all  the  pulse  circuits  have 
a  finite  dead  time,  all  the  detected  pulses  may  not  be 
recorded.  The  complete  l^ss  of  pulses  does  not  distort 
the  spectrum,  but  pulses  overlapping  the  end  of  this 
insensitive  period  are  altered  in  shape,  which  results  in 
incorrect  recording.  At  high  counting  rates  there  is  an 
effective  reduction  in  efficiency  because  of  the  lost 
pulses.  The  true  counting  rate  m  and  the  observed  counting 
rate  n  are  simply  related  when  there  is  a  fixed  dead  time  .7". 
The  number  of  counts  lost  per  second  during  the  total, dead 
time  m 'T"  Is  m  n  ‘T'and  the  true  counting  rate  m  is  given  by 

m  =  n  +  mn'T"  or  m  =  n 

1  -Tn 

In  practice  '7~  is  measured  by  measuring  the  count  rates 

n^  and  n 2  of  two  sources  separately,  then  n^  of  the  two 

sources  simultaneously ;  is  then  easily  calculated. 

Because  of  the  finite  coincidence  resolving  time  t, 

/ 

there  is  a  finite  probability  that  random  pulses  may  cause 
an  output  pulse  from  the  coincidence  circuitry.  If  n^  and 


•  • 
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n2  are  two  (unrelated)  input  rates,  then  It  is  easily  shown 
that  the  chance  coincidence  rate  nc  Is  given  by  nc  =  2tron2. 
For  high  counting  rates  it  is,  therefore,  necessary  to 
have  as  short  a  resolving  time  as  possible  to  reduce  the 
true  count  to  chance  count  ratio.  The  reduction  of  back¬ 
ground  counting  rates  also  improves  the  effective  resolu¬ 
tion.  The  resolving  times  of  the  fast  and  slow  coincidence 

O  r -j 

circuits  are  2  x  10"  sec.  and  3  x  10“'  sec.  respectively. 
Resolution  of  the  Hoogenboom  Spectrometer 
The  expression  for  the  resolution  of  the  Hoogenboom 
spectrometer  is  obtained  by  Cjnsidering  two  cascading 
gamma  rays  and  V2  energy  EQl  and  EQ2  respectively. 

The  probability  of  detecting  V  ^  with  energy  between  E^ 
and  E-j_  +  dE^  in  coincidence  with  2  of  energy  E2  is  given 
by  expression  (l-1/) 


The  equivalent  standard  deviation  C T  of  the  above  expression 
is 


(4-1) 


Using  the  relation  P  -  (T  '<?  kt  )  4  whic 
width  to  the  standard  deviation 


v  which  relates  the  full 


the  Hoogenboom  full 
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width  for  ^  is 


(4-2) 


It  may  be  observed  from  the  above  expression  that  the  full 
width  of  the  Hoogenboom  spectrum  is  narrower  than  the  full 
width  of  the  single  crystal  photo  peak.  By  making  the 
sum  width  /*  much  narrower  than  either  of  the  two  single 
crystal  widths,  that  is  // 4  L  ^  and 


/k 


/T  k 


‘ii- 


(f.-* 


(4-3) 


r?)  'v 

The  widths  of  the  peaks  in  the  Hoogenboom  spectrum  are 
approximately  independent  of  energy  provided  that  the  sum 
window  width  is  small  enough.  To  see  the  energy  E  varia¬ 
tion  consider  expression  4-3  in  terms  of  E  and  Es 


'l 


i  //  ie )  /I  !  **  £ )  y  y  /;  /£s  _£ 


An  approximate  formula  relating  the  photo  peak  width  to 
the  energy  is  c \  ^  then 
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This  is  a  slowly  varying  function  of  E  except  near  zero 

and  Es-  Because  the  widths  remain  nearly  constant  the 

improvement  in  resolution  is  greatest  for  the  high  energy 

member  of  the  cascade.  In  the  case  where  the  two  cascade 

gamma  rays  have  nearly  the  same  energy,  there  is  an 

improvement  by  a  factor  ofp?  over  the  single  crystal 

resolution.  Consider  Co^°  as  an  example.  In  this  case 

ri*  ■=-  120  Kev.  If  the  sum  channel  is  set  to 

about  50  Kev  width,  then  f\,  ~  / J~i  =  80  Kev  or 

tejA.  =  6%  as  compared  to  9%  for  the  single  crystal. 

E;  1.33  Mev 


© 
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IV.  EXPERIMENTAL  PROCEDURE 

The  2"  and  4"  Nal(Tf)  cylindrical  crystals  were 
purchased  from  the  Harshaw  Chemical  Co.  already  housed 
in  aluminum  casings  with  glass  windows.  The  crystals  are 
mounted  on  RCA  6342  and  7046  photo  tubes  respectively  in 
a  manner  calculated  to  obtain  good  optical  contact  between 
the  glass  window  of  the  crystal  and  the  photo  tube,  and 
to  ensure  that  the  system  is  light  tight.  The  2"  crystal 
assembly  is  shown  in  Pig.  4-1  and  the  4"  crystal  assembly 
in  Fig.  4-2. 

The  optical  joint  for  both  crystals  is  made  with 
Dow-Corning  D.C.-200  silicone  oil.  The  silicone  oil  is 
applied  to  the  glass  window  of  the  crystal  container  and 
allowed  to  flow  evenly  over  the  surface.  After  all  the 
air  bubbles  trapped  in  the  oil  have  escaped,  the  photo 
tube  is  pressed  on  to  the  crystal  in  such  a  way  that  no 
air  gaps  form  between  the  crystal  and  the  photo  tube. 

The  assembly  is  completed  by  wrapping  several  layers 
of  electrical  tape  around  the  crystal  and  the  photo  tube. 
The  4"  crystal  assembly  is  mounted  in  a  casing  of  soft 
iron  which  acts  as  a  magnetic  shield  for  the  photo  tube 
as  well  as  supporting  the  crystal. 
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The  optical  joint  is  checked  periodically  for  good 

contact  by  measuring  the  resolution  of  a  photo  peak.  For 

a  good  contact  the  resolution  of  the  4"  crystals  is  10 % 

22 

for  the  1.28  Mev  gamma  ray  from  Na  ,  whereas  for  a  poor 
joint  the  resolution  is  noticeably  poorer.  To  correct  a 
poor  joint  the  crystal  window  and  photo  tube  are  cleaned 
and  the  silicone  oil  reapplied.  The  detectors  are 
checked  for  light  leaks  by  directing  a  light  beam  succes¬ 
sively  at  all  points  of  the  detector  casing  and  observing 
the  increase  in  noise  output  with  an  oscilloscope  when 
light  reaches  the  detector.  The  light  leaks  are  repaired 
by  applying  several  layers  of  electrical  tape  over  the 
leaking  area. 

Spectrometer  Alignment 

In  adjusting  the  spectrometer  the  anode  voltage 
(H.T.)  of  each  photo  tube  is  adjusted  to  attain  a  stand¬ 
ard  energy  calibration.  RCA  6342  tubes  are  set  near  1500 
volts  and  the  RCA  7046  tubes  are  near  2650  volts.  When 
the  energy  calibration  is  set,  pulses  from  the  two  tubes 
are  compared  at  the  adder  input  to  ensure  that  they  have 
identical  shape.  Corrections  to  the  shape  are  made  by 
adjusting  the  time  constants  R-^C  where  Rl  is  the  load 
resistor  of  the  photo  tube  and  C  the  coupling  capacitor 
between  the  photo  tube  and  the  cathode  follower.  After 
the  pulse  shapes  are  adjusted  the  photo  tubes  are  again 
calibrated  in  energy  by  displaying  the  spectrum  of  each 
detector  on  the  kicksorter. 
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The  output  of  the  limiter  and  shaper  of  each  detector 
is  examined  to  see  whether  both  limiters  limit  at  the 
same  input  signal  level  and  whether  the  output  pulses  are 
of  the  same  size  and  shape.  The  limiters  are  set  to 
limit  at  about  0.3  Mev  by  small  adjustments  of  the  photo 
tube  H.T.;  the  output  pulse  heights  are  equalized  by 
adjusting  the  potentiometers  RV1  in  the  limiter  and 
shaping  circuit.  The  pulse  length  is  preset  by  the 
length  of  clipping  cable.  The  limiters  are  thus  adjusted 
to  give  100  nanosecond,  2. 5  volt  rectangular  pulses. 

The  bias  levels  of  the  6bn6  are  adjusted  by  means 
of  the  potentiometers  RV1  and  RV2  in  the  fast  coincidence 
circuit  to  obtain  a  compromise  between  maximum  output 
pulse  height  and  minimum  "capacity"  pulse  height.  For 
this  adjustment  the  counters  are  set  at  180°  and  the 

op 

coincident  0.51  Mev  annihilation  photons  from  Na  are 
used. 

The  potentiometer  RV1  in  the  adding  circuit  is 
adjusted  to  give  a  sum  spectrum  which,  when  displayed 
on  the  kicksorter,  has  a  distribution  similar  to  that  of 
a  single  crystal.  If  the  potentiometer  is  set  incorrectly, 
a  given  photo  peak  in  a  single  crystal  spectrum  corres¬ 
ponds  to  two  separate  peaks  in  the  sum  spectrum.  The 
potentiometer  is  adjusted  until  the  separate  peaks  are 
superimposed. 
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After  the  adding  circuit  and  coincidence  circuit  are 
properly  adjusted,  the  delay  time  between  the  spectrum 
pulse  and  the  gating  signal  is  measured  using  an  oscil¬ 
loscope  triggered  by  the  output  of  the  6bn6.  The  delay 
between  the  pulses  is  compensated  by  inserting  appropri¬ 
ate  lengths  of  RG65U  delay  cable  in  the  signal  paths  to 
establish  coincidence  between  the  gate  pulse  and  the 
spectrum  pulse.  The  equipment  is  then  ready  for  spectral 
analysis . 

Spectrum  Analysis 

A  gamma  ray  spectrum  is  analyzed  by  first  displaying 
the  single  crystal  spectrum  and  identifying  the  gamma  rays 
present.  After  identifying  the  energy  of  the  gamma 
rays  the  sum  discriminator  is  set  to  a  level  corres¬ 
ponding  to  the  sum  of  the  energies  of  two  gamma  rays 
which  are  assumed  to  be  cascading.  This  level  is  roughly 
adjusted  by  observing  the  pulse  height  at  the  input  of 
the  discriminator  with  an  .oscilloscope.  With  this  base 
line  setting,  the  window  of  the  discriminator  is  opened 
wide  and  the  Hoogenboom  spectrum  is  gated  onto  the 
kicksorter.  The  photo  peaks  of  the  gated  spectrum  appear 
symmetrical  if  the  base  line  is  set  at  the  proper  value, 
or  they  appear  distorted  if  it  is  not.  For  the  Incorrect 
base  setting  the  displayed  spectrum  has  a  higher  distribu¬ 
tion  of  counts  towards  the  position  of  the  base  setting. 
The  base  line  is  then  moved  in  the  direction  which  makes 
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the  gated  photo  peak  symmetric.  Once  the  base  line  is 
set  the  window  width  is  narrowed  to  the  smallest  value 
which  does  not  distort  the  spectrum. 
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V.  RESULTS  AND  DISCUSSION 


1.  Colllmatlon 

Gamma  rays  are  colligated  Into  the  center  of  each 
crystal  in  order  to  increase  the  ratio  of  photo  peak 
efficiency  to  total  efficiency,  R,  and  to  reduce  the 
detection  of  gamma  rays  which  are  back  scattered  from 
one  crystal  into  the  other.  Collimation  of  the  beam  into 
the  crystal  increases  the  probability  that  a  gamma  ray 
is  completely  absorbed,  since  all  gamma  rays  permitted 
to  enter  the  crystal  are  forced  to  traverse  the  full 
thickness  of  the  crystal.  Complete  absorption  results 
in  a  count  in  a  photo  peak.  When  the  gamma  rays  are  not 
collimated  then  a  large  number  of  those  incident  near 
the  edge  of  the  crystal  are  Compton  scattered  out  of  the 
crystal,  consequently  increasing  the  area  under  the 
Compton  distribution.  Compton  scattering  therefore 
reduces  R.  Curve  (l)  of  Fig.  4-1  Is  a  Co^  spectrum 
from  an  uncollimated  4"  Nal  crystal;  curve  (4)  is  the 
same  spectrum  when  the  gamma  rays  are  collimated  by  a 
3/4"  collimating  hole  In  a  4"  thick  lead  shield.  It  is 
seen  from  these  curves  that  the  Compton  level  has  been 
reduced  by  about  a  factor  of  2.  The  valley  between  the 
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1.17  and  1.33  Mev  photo  peaks  is  considerably  lower,  thus 
Increasing  the  resolution  of  the  photo  peaks. 

The  thickness  of  lead  used  for  a  collimator  is 

important  as  it  determines  the  fraction  of  the  gamma 

rays  which  are  transmitted  through  the  lead.  This 

fraction  can  easily  be  determined  from  the  relation 

N_  _  e'^,  where  x  is  the  thickness  of  the  lead  and  >a- 
No 

is  the  effective  absorption  coefficient  for  photons.  A 
considerable  fraction  of  the  transmitted  gammas  are 
reduced  in  energy  due  to  multiple  scattering  in  lead. 
These  multiple  scattered  gammas  contribute  to  the 
"Compton", or  degraded,  spectrum.  As  the  thickness  of 
lead  in  the  collimator  increases,  the  intensity  of  the 
transmitted  gammas  is  reduced,  especially  that  of  those 
which  have  reduced  energy,  lowering  the  "Compton" 
spectrum.  Curve  (3)  and  curve  (4)  illustrate  the  differ¬ 
ence  in  the  Compton  level  where  2"  and  4"  thick  lead 
collimators  are  used  to  collimate  the  gamma  rays  of 
Co^°  into  a  4"  Nal  crystal.  The  spectrum  (3),  resulting 
when  the  2"  collimator  is  used,  has  a  Compton  level  equi¬ 
valent  to  that  of  the  uncollimated  spectrum. 

The  size  of  the  collimation  hole  which  determines 
the  solid  angle  subtended  by  the  crystal  also  affects 
drastically  the  area  under  the  Compton  spectrum.  If  the 
collimating  hole  is  so  small  that  the  intensity  of  the 
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transmitted  gamma  rays  is  of  the  order  of  the  intensity 
of  the  gamma  rays  incident  on  the  crystal  through  the 
collimating  hole,  then  the  height  of  the  Compton  distri¬ 
bution  is  increased  relative  to  the  full  energy  peak. 

Curves  (2)  and  (3)  in  Fig.  5-1  are  spectra  obtained  using 
a  2"  collimator  with  3/8"  diameter  collimating  hole  and 
a  3/^"  diameter  collimating  hole  respectively.  It  is 
seen  from  Curve  (2)  that  the  Compton  level  has  been 
increased  considerably,  to  a  higher  level,  in  fact,  than 
that  of  the  uncollimated  spectrum,  and  the  resolution 
of  the  photo  peak  is  reduced  by  filling  in  the  valley 
between  the  photo  peak  and  the  Compton  limit.  The 
collimating  geometry  must  suit  the  energy  range  of  the 
gamma  rays  under  investigation. 

The  collimator  used  for  Hoogenboom  studies  is  the 
2"  thick  one  with  3/4"  diameter  hole,  which  produces 
the  spectrum  shown  by  Curve  (3)  of  Fig.  5-1*  The  second 
purpose  of  the  collimator  is  just  as  important  as  effecting 
the  increase  in  the  photo  peak  efficiency.  The  2" 
collimators  used  in  the  Hoogenboom  spectrometer  are 
equivalent  to  the  4"  collimator  for  the  single  crystal. 

This  is  because  the  back  scattered  gamma  rays  must 
traverse  4  inches  of  lead  before  being  detected  in  coin¬ 
cidence  in  the  second  crystal.  Collimation,  therefore, 
reduces  the  number  of  gate  pulses  which  would  be  formed 
due  to  back  scattering. 
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2.  Efficiency 

A  comparison  of  the  calcuated  absolute  efficiencies 
to  the  measured  efficiencies  for  the  collimated  4"  Nal 
crystal  is  shown  in  the  table  in  Section  3-2.  The 
table  is  not  very  extensive  since  the  efficiencies  have 
been  determined  for  the  gamma  rays  from  two  sources  only, 
Co^°  and  Na^2.  With  these  limited  results  it  is,  however, 
possible  to  compare  experimental  and  theoretical  effici- 
iencies.  The  table  shows  that  there  is  reasonable  agree¬ 
ment  between  the  calculated  values  for  the'  absolute 
efficiency  of  the  collimated  crystal  and  the  experimentally 
determined  photo  peak  efficiency.  The  experimental 
values  of  the  photoefficiency  are  expected  to  be  lower 
than  the  calculated  values  because  the  gamma  rays  trans¬ 
mitted  through  the  lead  collimator  increase  the  height 
of  the  "Compton"  spectrum,  reducing  the  photo  peak  effic¬ 
iency.  To  a  good  approximation  the  calculated  values 
shown  in  Pig.  3-4  may,  therefore,  be  used  in  calculating 
the  Hoogenboom  efficiency  from  expression  37  .  It  should 
be  noted  that  the  calculated  values  include  the  solid 
angle  subtended  by  the  collimator  at  the  source.  It  is 
expected  that  a  better  agreement  between  the  calculated 
efficiencies  and  experimental  photo  peak  efficiencies 
would  result  if  a  4"  thick  lead  shield  with  3/4"  diameter 
collimating  hole  were  used.  This  is  evident  from  the 


* 


lO 

in 


>  < 
LU  LlJ 
^  CL 


OJ  CO 


X 


o 

DC 


O 

CD  o 

CJ 


o 


3 

DC 


O 

LlJ 

CL 

CO 


3 

CO 


00 

I 

in 

o 


o 

o 

o 

o 

o 

o 

o 

GO 

00 

CO 

o 

o 

00 

1^- 

m 

oo 

“I3NNVH3  d3d  SlNflOO 


o 

oo 


CHANNEL  NUMBER 


53 

comparison  of  curves  (2)  and  (4)  in  Fig.  5-1  from  which 
it  is  seen  that  the  ratio  R  is  larger  for  curve  (4)  than 
for  curve  (2). 

That  the  experimental  and  the  calculated  values  of 
the  Hoogenboom  efficiency  are  also  in  close  agreement 
can  be  seen  from  the  same  table.  The  agreement  is  suffici¬ 
ently  close  that  the  efficiency  for  detecting  cascade 
gamma  rays  can  be  estimated  by  using  the  calculated 
absolute  efficiency  values  for  in  the  Hoogenboom 

efficiency  expression.  The  Hoogenboom  efficiency  is  very 
small  and,  therefore,  the  single  crystal  counting  rates 
have  to  be  rather  high,  of  the  order  of  10^  counts  per 
second,  to  obtain  a  reasonable  Hoogenboom  counting  rate. 

3.  Hoogenboom  Spectra 

A  Hoogenboom  spectrum  consists  of  peaks  correspond¬ 
ing  to  cascade  gamma  rays  whose  energies  give  the  differ¬ 
ence  in  energy  levels  of  the  nuclear  state,  between  which 
the  cascade  appears.  The  sum  pulse  produced  by  the  adding 
circuit  is  in  coincidence  with  the  pulse  due  bo  each  of 
the  cascade  gamma  rays.  The  sum  peak  should,  therefore,  be 
observed  if  the  sum  spectrum  were  gated  to  the  kicksorter 
by  the  coincidence  output  of  the  fast  coincidence  circuit. 
Fig.  5-2  shows  the  sum  spectrum  of  Co^°  gated  by  the 
output  of  the  fast  coincidence  circuit.  Co^°  emits  gamma 
rays  of  1.17  and  1.33  Mev  in  cascade  and  the  sum  peak 
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corresponds,  therefore,  to  2.5  Mev,  as  is  shown  in  the 
Figure.  It  is  also  seen  from  the  same  curve  that  the  sum 
spectrum  contains  a  large  "Compton"  distribution  as  well 
as  the  sum  peak.  The  large  Compton  spectrum  may  be 
attributed  to  the  gamma  rays  scattered  from  one  crystal 
into  the  other  and  to  the  gamma  rays  which  have  been 
transmitted  through  the  collimator,  as  well  as  to  escape 
of  scattered  quanta.  Comparison  of  the  magnitudes  of  the 
Compton  distribution  and  photo  peak  in  the  sum  spectrum 
with  those  in  the  single  crystal  spectrum  shows  that 
there  is  a  large  number  of  events  in  which  a  photon  is 
scattered  from  one  crystal  to  the  other.  It  is  possible 
to  reduce  this  number  greatly  by  using  thicker  collimators. 

4"  thick  collimators  rather  than  2"  collimators  should 
be  sufficient  for  the  purpose. 

The  sum  spectrum  also  indicates  whether  the  energy 
calibration  and  the  potentiometer  setting  of  the  adding 
circuit  are  correct.  If  one  single  crystal  spectrum  is 
not  identical  to  the  other,  the  sum  spectrum  tends  to  be 
flat  without  any  evidence  of  a  sum  peak.  It  should  be 
remembered,  however,  that  the  sura  peak  Is  resolved  only 
if  the  single  crystal  photo  peaks  are  resolved.  The 
resolving  time  of  the  coincidence  circuit  should  also  be 
considered  when  the  counting  rate  of  each  crystal  Is  high, 
as  the  chance  coincidence  rate  may  become  sufficiently 
high  to  contribute  to  the  background  level  of  the  sum  spectrum. 
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Co^0  Spectrum 

The  Co^O  is  a  p  emitter,  leaving  Ni^  in  its  2.505 
Mev  excited  state  which  decays  to  the  ground  state  by 
emitting  1.17  and  1.33  Mev  gamma  rays  in  cascade.  The 
Co^  spectrum  from  a  2"  crystal  is  shown  in  Fig.  5-3  and 
a  4"  crystal  in  Fig.  5-5  The  spectra  show  the  two 
photo  peaks  (1.17  Mev  and  1.33  Mev)  and  some  back  scattered 
peaks  superimposed  on  the  Compton  spectrum.  The  Compton 
level  for  a  2"  crystal  is  expected  to  be  higher  than 
that  of  a  4”  crystal  because  of  the  higher  probability 
of  escape  of  Compton  scattered  photons  from  a  2"  crystal. 

The  total  energy  of  the  cascade  in  Co^  is  2.505 
Mev.  By  setting  the  sum  differential  discriminator  at 
a  pulse  height  corresponding  to  2.5  Mev  with  a  window 
width  of  2%,  one  obtains  the  Hoogenboom  spectrum  shown 
by  the  broken  line  in  Fig.  5-3* 

The  Compton  distribution  has  been  completely  elimi¬ 
nated  from  the  Hoogenboom  spectrum  and  the  valley  between 
the  two  photo  peaks  has  been  considerably  lowered,  thus 
improving  the  resolution.  The  sum  peak  does  not  appear 
because  the  fast  coincidence  circuit  eliminates  the 
possibility  of  displaying  the  case  where  both  gamma  rays 
strike  one  crystal  and  lose  their  energies  completely 
to  give  the  2.5  Mev  peak.  The  best  resolution  obtained 
is  5-5$  at  1.33  Mev,  the  value  obtained  by  Hoogenboom  (Hoo). 
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FIG  5-6 


SINGLE  CRYSTAL  AND  HOOGENBOOM  SPECTRUM  USING  4  N*l 
CRYSTAL  AT  180  AND  SUM  CHANNEL  AT  2-5  MEV. 
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This  spectrum  verifies  the  theoretical  predictions 
of  Chapter  ill  of  6^  resolution  at  1-33  Mev.  The  photo 
peaks  have  equal  full  widths  at  half  maximum,  /J  -  flx-73k.to 
as  compared  to  the  calculated  value,  80  Kev.  The  areas 
under  the  peaks  are  equal  within  statistical  error,  veri¬ 
fying  that  the  efficiencies  for  detecting  the  cascade 
gamma  rays  are  equal,  that  is  £sa.  Colliraatlon  of 

the  gamma  rays  is  effective  in  improving  the  resolution 
of  the  spectrometer.  Fig.  5-4  shows  that  the  collimated 
spectrum  has  an  improvement  of  about  0.5$  in  resolution. 

The  Co^O  spectrum  from  the  4"  x  4"  Nal  crystals  is 
shown  by  the  broken  line  in  Fig.  5-5  and  the  corres¬ 
ponding  Hoogenboom  spectrum  is  shown  by  the  solid  line. 

The  resolution  for  the  Hoogenboom  spectrum,  using  5$ 
window  width  at  2.5  Mev,  is'  9*5$.  This  value  of  resolu¬ 
tion  differs  from  that  obtained  by  Hoogenboom  by  0.5$. 

The  single  crystal  spectrum  published  by  Hoogenboom  (Fig. 

/ 

5-6)  shows 'poorer  photo  peak  resolution  than  that  obtained 
here.  Therefore,  the  gated  Hoogenboom  spectrum  should 
have  a  resolution  better  than  that  obtained  by  Hoogen- 
boora  (Fig.  5-6).  When  the  width  of  the  differential 
discriminator  window  is  reduced  to  4$  or  lower,  the  gated 
spectrum  appears  to  be  chopped  and  the  valley  between 
the  two  photo  peaks  begins  to  fill  in,  resulting  in  a 
decrease  in  resolution.  This  decrease  in  resolution  may 
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result  from  the  fact  that  resolving  time  of  the  fast 
coincidence  circuit  is  not  sufficient  to  reduce  the  number 
of  chance  coincidences,  which  is  of  the  order  of  the 
number  of  true  gating  pulses.  When  counting  rates  are 
decreased  by  a  factor  of  10,  the  Hoogenboom  counting 
rate  is  decreased  by  a  factor  of  100;  hence  it  is 
necessary  to  take  long  runs  during  which  electronic 
gain  drifts  may  occur,  resulting  in  poor  resolution.  Fig. 
5-5  shows  the  Hoogenboom  spectrum  for  a  single  crystal 
counting  rate  of  1.5  x  10^  counts  per  second,  giving  9*5$ 
resolution  at  1.33  Mev. 

i' 

Na^  Spectrum 

22  22 
A  Na  nucleus  may  emit  a  positron  leaving  Ne  in 

the  1.28  Mev  state,  which  decays  by  gamma  emission  to 

22 

the  ground  state.  The  Na  spectrum,  therefore,  consists 

of  the  0.51  Mev  annihilation  photo  peak  and  the  1.28 

22 

Mev  photo  peak.  The  2"  Nal  crystal  spectrum  of  Na  is 
shown  in  Fig.  5-7  and  the  4"  Nal  crystal  spectrum  is 
shown  in  Fig.  5-2?  • 

The  annihilation  of  a  positron  usually  causes 
creation  of  two  0.51  Mev  gamma  rays  travelling  in  oppo¬ 
site  directions.  The  Hoogenboom  spectrum,  therefore,  is 
different  when  the  counters  are  set  at  180°  from  that 
when  the  counters  are  set  at  90°.  At  180°  the  possible 
sum  peaks  are  at  1.02  Mev  and  2.30  Mev,  and  at  90°  the 
only  possible  sum  peak:  is  at  1.79  Mev.  When  the  counters 
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are  set  at  180°  and  are  symmetrical  in  ©olid  angle  there 
is  no  possibility  of  having  a  1.79  Mev  sum  peak  because 
for  each  annihilation  gamma  ray  detected  in  one  crystal, 
the  second  annihilation  gamma  ray  from  annihilation  of 
the  same  positron  is  detected  in  the  second  crystal 
resulting  always  in  1.02  Mev  sum.  When  the  1.28  Mev 
gamma  ray  is  incident  on  one  crystal  in  coincidence  with 
a  0.51  Mev  in  the  other  then  the  added  sum  will  be  2.3 
Mev  because  of  the  second  annihilation  gamma  ray.  Setting 
the  sum  differential  discriminator  at  2.3  Mev  will,  there¬ 
fore,  result  in  only  the  0.51  Mev  and  1.79  Mev  (0.51 
Mev  plus  1.28  Mev)  photo  peaks.  The  1.28  Mev  photo  peak 
is  not  observed.  If,  however,  the  source  Is  not  centered 
properly,  or  if  considerable  scattering  occurs  between 
the  two  crystals,  there  Is  a  possibility  that  the  1.28 
Mev  gamma  ray  peak  may  be  displayed  in  the  Hoogenboom 
spectrum.  It,  however,  is  expected  to  be  considerably 
smaller  in  height  than  the  height  of  the  0.51  Mev  and 
1.79  Mev  peaks. 

At  90°  the  only  possible  sum  peak  is  at  1.79  Mev. 

With  the  sum  differential  discriminator  set  at  this  value 
the  only  photo  peaks  which  appear  in  the  Hoogenboom 
spectrum  are  0.51  Mev  and  1.28  Mev.  Fig.  5-7  shows  the 
single  crystal  and  the  Hoogenboom  spectrum  resulting 
from  2"  Nal  crystals  at  90°  separation.  The  Hoogenboom 
spectrum  is  free  of  the  Compton  distribution  which  Is 
present  in  the  single  crystal  spectrum.  The  resolution 


' 


' 


in 

ro 


> 


LxJ 


Z> 
cr  o 


o 

o 

QQ 


ro 

OJ 


H  O 
O  00  H 

UJ  —  < 

«  <  £ 


3| 
<  — 
^  H  S 

CO  — 
Ll)  >_  (T 

o  cc  o 

O  o  CO 

?  -  5 
1  0 

WCJ  =  3 

2  OJ  CO 


> 

LlI 


ID 


O 


o 

OJ 

OJ 


o 

CD 


o  O  O 

<d~  O  cp 

13NNVH0  B3d  SlNflOO 


i 

o 

OJ 


8 


'FIG .5-9  CHANNEL  NUMBER 


o 

I 

ID 

O 


CHANNEL  NUMBER 


59 


of  the  photo  peak  is  greatly  improved.  In  particular, 
the  1.28  Mev  photo  peak  has  the  resolution  improved  from 
10$  to  4$  with  the  window  of  the  sum  discriminator  set 
at  2$.  This  is  smaller  than  the  theoretically  predicted 
value  of  5$  at  1.28  Mev  and  is  in  agreement  with  the 
Hoogenboom  results.  The  measured  Hoogenboom  widths  at 
half  maximum  are  found  to  be  T$|  -  53  Kev  and  Is  z-  51  Kev, 

respectively,  which  are  nearly  equal.  The  area  under 
the  photo  peaks  is  approximately  the  same,  so  the 
Hoogenboom  efficiency  and  £\ s  of  the  two  cascading 
gamma  rays  ^  and  is  the  same. 

When  the  two  detectors  are  separated  by  180°  with 
the  sum  discriminator  set  at  2.3  Mev,  the  resultant 
Hoogenboom  spectrum  from  the  2"  Nal  crystal  is  shown  in 
Fig.  5-9-  To  obtain  this  spectrum  the  counters  must 
be  equidistant  from  the  source,  as  checked  by  directly 
measuring  the  source  distance  from  each  counter  and  by 
comparing  the  counting  rates  of  the  detectors.  The  two 
methods  agree  within  statistical  error.  The  Hoogenboom 
spectrum  then  shows  only  the  two  peaks  expected,  at 
0.51  Mev  and  1-79  Mev,  there  being  no  evidence  of  a  1.28 
Mev  photo  peak.  The  1.79  Mev  peak  has  a  width  of  3$> 
when  the  sum  discriminator  is  set  at  2$,  in  agreement 
with  Hoogenboom.  When  the  window  setting  is  increased 
to  5$  at  2.3  Mev,  thus  allowing  some  back  scattered  gamma 


. 
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rays  to  operate  the  gate,  the  1.28  Mev  peak  begins  to 
appear  above  the  background  level  of  the  spectrum. 

Pig.  5-10  shows  two  Hoogenboom  spectra  from  4"  Nal 
crystals  placed  180°  apart.  One  is  gated  by  the  sum 
discriminator  only  and  the  other  is  gated  by  the  sum 
discriminator  together  with  the  fast  coincidence  circuit. 
There  is  considerable  difference  between  the  two  spectra. 
The  spectrum  gated  by  the  sum  discriminator  alone  shows 
both  of  the  single  gamma  photo  peaks,  which  are  the  0.51 
Mev  and  the  1.28  Mev  peaks,  together  with  the  sum  peaks 
at  1.79  Mev  and  2. 30  Mev.  These  sum  peaks  correspond 
to  the  possible  combinations  of  the  single  gamma  energies. 
The  second  spectrum  shows  only  the  0.51  Mev  and  the  1.79 
Mev  peaks  which,  when  added  together,  give  2.3  Mev,  the 
value  on  which  the  sura  discriminator  is  set.  Both  spectra 
are  obtained  when  the  sum  discriminator  window  width  is 
The  counting  rate  of  crystal  2  was  greater  by  5$ 

than  that  of  crystal  1.  The  high  counting  rate  of  crystal 
4 

1,  10  per  second,  and  the  rather  long  effective  resolving 
time,  1  (j.  sec.,  of  the  sum  gate,  combine  to  produce 
sufficient  chance  sum  pulses  to  gate  the  1.28  gamma  onto 
the  display.  By  Inserting  the  fast  coincidence  circuit 
these  chartce  sum  pulses  are  eliminated  as  is  shown  by  the 
second  spectrum.  The  difference  in  widths  of  the  peaks 
is  small;  the  improvement  favours  fast  coincidence  gating. 
When  the  window  width  of  the  sum  discriminator  Is 
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decreased  to  3$,  the^,  resulting  spectrum  is  shown  in 
Fig.  5-H •  The  1.79  Mev  sum  peak  width  is  Fig.  5-12 

illustrates  the  Na  Hoogenboom  spectrum  when  the  4” 
counters  are  placed  at  90°  and  the  window  of  the  sum 
discriminator,  is  set  at  3 *5$*  giving  5$  resolution  at 
1.28  Mev. 

For  a  nucleus  having  more  complex  decay  scheme  than 

those  considered  here,  the  Hoogenboom  spectrum  has  peaks 

corresponding  to  all  the  possible  combinations  of  the 

gamma  energies  which*  when  added  together,  form  the  sum 

energy  corresponding  to  the  sum  discriminator  setting. 

The  peaks  of  the  gated  spectrum  have  approximately  constant 

widths  provided  the  width  of  the  sum  discriminator  is 

set  to  ensure  that  where  ^  is  the  width  of  the 

narrowest  photo  peaks  in  the  single  crystal  spectrum  and 
n 

/s  is  the  width  of  the  sum  discriminator  window.  The 
areas  under  the  peaks  in  the  gated  spectrum  are  in  the 
ratio  of  the  intensities  of  the  cascade  gamma  rays  from 
the  sum  level,  provided  that  the  counting  rates  of  the 
two  detectors  are  equal.  • 

The  Hoogenboom  spectrometer  is  a  useful  device  for 
determining  the  energy  of  cascade  gamma  rays  from  an 
excited  nucleus,  provided  sufficiently  high  intensities 

are  available.  Counting  rates  of  10  x  10^  counts/sec.  are 
necessary  to  obtain  meaningful  data  within  a  reasonable 
length  of  time. 
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Though  this  is  a  serious  limitation,  the  spectrometer 
may  be  used  in  many  cases  to  measure  the  angular  correla¬ 
tions  of  cascade  gamma  rays.  This  data  is  often  sufficient 
to  assign,  or  at  least  restrict,  the  values  of  the 
angular  momenta  of  the  nuclear  states  involved.  In 
addition  to  these  applications  to  nuclear  spectroscopy, 
there  is  a  more  interesting  potentiality,  that  of  measur¬ 
ing  the  probabilities  of  gamma  ray  transitions.  Such 
measurements  provide  a  sensitive  check  of  theoretical 
predictions  based  on  the  intermediate  coupling  shell 


model . 
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APPENDIX 


The  total  linear  absorption  cross  section  |±  cm  1 

for  Nal  Is  given  In  the  table  below.  The  values  of  p. 

.£ 

are  obtained  from  Si'gbahn,  Beta  and  Gamma  Ray  Spectroscopy, 
Ch.  V,  Sect.  5. 


E  Mev 

p,(E)  cm-1  +0.002 

0.50 

0.330 

1.17 

0.242 

1.33 

0.180 

1.50 

0.170 

2.10 

0.148 

2.60 

0.138 

3.00 

0.134 

4.00 

0.129 

5.00 

0.127 

7.50 

0.130 

10.00 

0.138 
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